Abstract: Air as a heat transfer fluid has been widely studied in concentrated solar-power generations, but the solar energy absorbed by air inside transparent and opaque tubes has not been comparatively investigated. The heat transfer was studied experimentally and numerically for a fluidized granular bed air receiver with a non-uniform energy flux and the fluidization occurs inside cylindrical metal and quartz glass tubes. The experiments were conducted in a solar simulator with 19 xenon short-arc lamps and showed that the thermal efficiencies in the quartz tube are higher than those in the metal tube. A numerical model was established to study the fluidized heat transport inside the quartz tube, which includes effective thermal conductivities for the conduction, the Syamlal-O'Brien drag model to describe the pressure drop, a modified P-1 model for the radiation, and a two-fluid model (TFM) for gas-solid two-phase flow. The local thermal non-equilibrium model is used to relate the air temperatures to particle temperatures. Comparisons with experimental data show that this model can be used to predict the heat transport inside the quartz glass tube. The maximum relative error was 7.7% when the current is 100 A and the air mass flow rate is 0.53 g/s.
Introduction
The receiver is a key component which drives the working temperature of the thermodynamic cycle, thereby it determines the global efficiency of solar thermal power generation. Particle receivers can work at high temperatures (>700 • C) and keep good mechanical and chemical stability when the particle temperatures are higher than 1000 • C. Several particle receivers have been designed and tested. According to the ways of particle movement, the receivers can be classified into falling, fluidized, and centrifugal.
The falling particle receivers consist of free-falling particle receivers and obstructed-falling particle receivers. Kim et al. [1] investigated particle flow characteristics of the free-falling particle receiver on a small test bench. The distribution of the particles velocity, curtain thickness, and curtain opacity were experimentally determined. The terminal velocity of about 6-7 m/s in a vertical drop distance of 3 m/s was reached in all cases. Siegel et al. [2] studied the thermal characteristics of the free-falling particle receiver and showed a single-pass temperature increase of nearly 250 K in the experiment. Ho et al. [3] constructed and tested a 1.0 MW th high-temperature obstructed-falling particle receiver which realized continuously recirculating heat absorption. The interior of the receiver had many stainless-steel chevron-shaped porous mesh structures to slow down the flow of particles. The maximum particle temperature near the center of the receiver exceeded 700 • C and the tests showed that the particle temperatures and thermal efficiencies increased with the increase of irradiances. Numerical simulation and experimental investigation on the particle flow in interconnected porous media were conducted by Lee et al. [4] . The porous media increased the particle residence time within the receiver, thus a larger temperature rise was reached in a single pass compared with the free-falling particle receiver. A near-blackbody receiver with arrays of hexagonal heat transfer tubes was simulated by Martinek et al. [5] and Morris et al. [6] . The two-fluid model (TFM) and discrete element model (DEM) were applied and an average error on the overall heat transfer coefficient between TFM and DEM was less than 5%. Ketchem [7] established a near-blackbody particle receiver and a numerical model and the results from this simulation were in agreement with the experiments.
The fluidized particle receivers have been proposed for several decades. Bai et al. and Flamant et al. have done much research in recent years. Bai et al. [8] [9] [10] conducted experimental and numerical studies on an air receiver with silicon carbide particles in the transparent quartz tubes. The fluidization occurred inside the quartz tubes with the particles unable to be blown out of the tubes and air as a heat transfer fluid took the irradiation away by the convective heat transfer between particles and air. Dense gas-particle suspension used as a heat transfer fluid was proposed by Flamant et al. [11] . Marti et al. [12] simulated hydrodynamics and thermal performance of a dense gas-particle receiver. Pablo et al. [13] designed an apparatus to investigate the hydrodynamics and particle motion at ambient temperature and found that the amount of the secondary air injection was the most important parameter for stability and the uniform distribution of the solid's flow in tubes. Benoit [14] studied a 150 kWth 16-tube experimental solar receiver and constructed a multi-tube receiver model. The receiver thermal efficiency was measured in the range 50%-90%. The incident solar flux was transformed into an equivalent heat generation rate inside the walls, which could consider the radiative heat loss between walls and surroundings.
The centrifugal particle receiver was developed by Wu et al. A centrifugal receiver was designed and constructed. For a face-down receiver inclination and incident irradiance of 700 kW/m 2 , Wu et al. [15] presented an outlet particle temperature of 900 • C and a receiver efficiency of about 75% (±4%).
Marti et al. [12] , Urrutia et al. [16] , and Benoit et al. [17] simulated hydrodynamic and thermal characteristics inside a single opaque tube. Marti et al. and Urrutia et al. applied the Dirchlet boundary condition in walls based on the average experimental results (average wall temperatures) and thought that wall-to-suspension heat transfer modes included conductive heat transfer by the solid phase and gas phase and radiative heat transfer between the walls and solid phase. However, Benoit et al. applied the Neumann boundary condition in walls based on the measured energy flux density and neglected radiative heat transfer and the heat flux was transferred to each phase by conduction.
2D and 3D simulations based on the two-fluid model have been used for the qualitative and quantitative analyses, respectively [18] . The differences between 2D simulation and 3D simulation have been discussed in many pieces of literature [19] [20] [21] . 2D simulation contains 2D Cartesian and axisymmetric assumption models. 2D Cartesian model does not accurately consider the effect of the boundary condition on the flow behavior in the 3D cylindrical fluidized bed. The high solids holdup and low solids velocity near the axis occurs for the 2D axisymmetric assumption model, which behaves as a free-slip wall [22] . Because the fluids and solids do not flow across this axis (free-slip wall), the flow field near the axis is inconsistent with the experimental results. However, 2D simulations for gas-solid flow can provide valuable information for understanding the flow with a smaller computational effort [23] . Li et al. [18] investigated the difference between 2D simulation and 3D simulation in CFB(circulating fluidized bed) risers and concluded that 3D simulation can obtain the quantitative results to investigate the gas-solid flow behaviors. Although 3D simulation can obtain Energies 2019, 12, 806 3 of 21 more valuable information than 2D simulation, 3D simulation needs a higher configured computer and more time consumption. Simulating a cylindrical riser as an axis slice around the axis of the bed using the 2D Cartesian coordinate predicted the behaviors in agreement with the experimental data for bubble fluidization. However, the increasing superficial velocity brought a larger difference compared with the experimental data [21] . The cylindrical coordinate and Cartesian coordinate for 3D simulation had a difference on the flow behavior near the center axis. For the cylindrical coordinate, a free-slip, no-normal flow condition where gas and solids do not flow across was imposed on the center axis, thereby losing accuracy near the center axis. Bakshi et al. [24] modified the model for the cylindrical coordinate, and gas and solids can flow across the center axis. Bakshi's model was applied to simulate the bubbling fluidization in the cylindrical beds and the results presented that the modified model using the 3D cylindrical coordinate was not only computationally more efficient, but also more accurate than using the 3D Cartesian coordinate.
Dirchlet and Neumann boundary conditions are not well suited to simulate the fluidized particle receivers. The Dirchlet boundary condition needs the known wall temperature and cannot be applied to obtain quasi-steady states of particle receivers. When the Neumann boundary condition is applied in the simulation of particle receivers, the radiative heat loss between walls and ambient environment is often neglected. In addition, a comparative study on the fluidized heat absorption inside the quartz tube and the opaque metal tube has not yet been carried out and it is unclear which has a higher thermal efficiency.
Because the difference in fluidized particle heat absorption between a single quartz tube and an opaque metal tube has not been investigated, experiments were conducted to investigate their thermal performances at different air mass flow rates, packed particle masses, and energy fluxes. Furthermore, a numerical model was established and applied to simulate the heat absorption inside a quartz glass tube and the varied heat loss caused by the varied particle temperatures is considered. A modified P-1 radiative model and heat transfer correlations were coupled into the Multiphase Flow with Interphase Exchange (MFIX) [25] , which is an open source code for multiphase flows developed by the National Energy Technology Laboratory (NETL, Morgantown, WV, USA). Considering the non-uniform incident flux distribution, the 3D numerical model based on the Cartesian coordinate and two-fluid model (TFM) was used and verified by experiments. The cases with the packed particle mass of 240 g were simulated to understand the thermal performance of the receiver. The content in this paper is novel.
Experiments and Results

Experimental Apparatus
These tests were done at Yanqing District of Beijing. The system diagram is shown in Figure 1 . This system included an air compressor, an air tank, a buffer tank, an equalizer valve, a mass flowmeter, a data acquisition device (not shown), a solar simulator, and a receiver with an opaque metal tube and a transparent quartz tube. The air was compressed and dried by the compressor and dryer, respectively. The compressed air entered the air tank, then flowed through the buffer tank and the equalizer valve and finally entered the receiver. Because the receiver was directly exposed to the incident flux from the solar simulator, the granular and air temperatures increased. The particles were fluidized inside the tube and were not blown out by controlling the air mass flow rate and the air was heated by the tube wall and particles. The air tank and buffer tank can store massive amount of air and maintain pressure stability, respectively. Hence, the air mass flow rate at the inlet of the receiver was relatively stable. If the mass flow rate changed, the ball valve at the inlet of the receiver or the equalizer valve was adjusted to maintain it. The solar simulator has 19 xenon short-arc lamps that can work stably between ~50-150 A. When the current of each lamp reaches 150 A, the solar simulator has a maximum power of 28.95 kWth and achieves a peak energy flux of 2.33 MW/m 2 . All tests in this paper were carried out only when 1-7 lamps were turned on and the current was 50 A or 100 A. When the current of the lamps was 100 A, the peak energy flux was 486.41 kW/m 2 , as shown in Figure 2 . When the current was 50 A, the peak flux was 167.67 kW/m 2 , as shown in Figure 3 . The energy flux distributions of 1-7 lamps on the focal plane under 50 A or 100 A were measured separately and accumulated to obtain the energy flux distributions of Figure 2 or Figure 3 .
The calibrated thermocouples were placed at the inlet of the receiver (a thermocouple), at 0.5 m away from the outlet of the tube (two thermocouples), and at the outer wall of the tube inside the receiver (three thermocouples), as shown in Figure 4 . The mass flowmeter and the thermocouples were connected to a data acquisition with a sampling rate of 60 times/min. The uncertainties of the devices used in the experiments are listed in Table 1 . The solar simulator has 19 xenon short-arc lamps that can work stably between~50-150 A. When the current of each lamp reaches 150 A, the solar simulator has a maximum power of 28.95 kW th and achieves a peak energy flux of 2.33 MW/m 2 . All tests in this paper were carried out only when 1-7 lamps were turned on and the current was 50 A or 100 A. When the current of the lamps was 100 A, the peak energy flux was 486.41 kW/m 2 , as shown in Figure 2 . When the current was 50 A, the peak flux was 167.67 kW/m 2 , as shown in Figure 3 . The energy flux distributions of 1-7 lamps on the focal plane under 50 A or 100 A were measured separately and accumulated to obtain the energy flux distributions of Figure 2 or Figure 3 .
The calibrated thermocouples were placed at the inlet of the receiver (a thermocouple), at 0.5 m away from the outlet of the tube (two thermocouples), and at the outer wall of the tube inside the receiver (three thermocouples), as shown in Figure 4 . The mass flowmeter and the thermocouples were connected to a data acquisition with a sampling rate of 60 times/min. The uncertainties of the devices used in the experiments are listed in Table 1 . The solar simulator has 19 xenon short-arc lamps that can work stably between ~50-150 A. When the current of each lamp reaches 150 A, the solar simulator has a maximum power of 28.95 kWth and achieves a peak energy flux of 2.33 MW/m 2 . All tests in this paper were carried out only when 1-7 lamps were turned on and the current was 50 A or 100 A. When the current of the lamps was 100 A, the peak energy flux was 486.41 kW/m 2 , as shown in Figure 2 . When the current was 50 A, the peak flux was 167.67 kW/m 2 , as shown in Figure 3 . The energy flux distributions of 1-7 lamps on the focal plane under 50 A or 100 A were measured separately and accumulated to obtain the energy flux distributions of Figure 2 or Figure 3 .
The calibrated thermocouples were placed at the inlet of the receiver (a thermocouple), at 0.5 m away from the outlet of the tube (two thermocouples), and at the outer wall of the tube inside the receiver (three thermocouples), as shown in Figure 4 . The mass flowmeter and the thermocouples were connected to a data acquisition with a sampling rate of 60 times/min. The uncertainties of the devices used in the experiments are listed in Table 1 . 
Uncertainty Analysis
The precision of the measuring equipment determined the data uncertainty. Based on Table 1 and the illustration of Moffat [26] , the relative uncertainties of the thermal energy absorbed by air and the thermal efficiency were determined by Equations (2) and (4), respectively. The different incident fluxes caused the difference of the outlet air temperature T g,out . In these experiments,
, and ∆q solar /q solar ≤ 1%. The relative uncertainties of the thermal energy absorbed by air and the thermal efficiency are 1.02% and 1.43%, respectively.
(1) 
Results and Discussions
The material of the metal tube was Q235B that can be easily oxidized at high temperatures. Thus, the experiments inside the opaque metal tube were conducted when the current was 50 A. However, the quartz tube can be used for a long time at temperatures not exceeding 1200 • C. The fluidized heat absorption inside the quartz tube was conducted when the current was 50 A or 100 A. All cases are listed in Table 2 . The thermal efficiency is defined as Equation (5). The packed particle masses of 240 g and 160 g were tested and the opening height of the receiver was 0.11 m to 0.35 m. The silicon carbide particles with an average size of 500 µm were used and its minimum fluidization velocity was 0.235 m/s, as calculated by Wen and Yu model [27] when the air temperature is 20 • C. Thus the minimum fluidization air mass flow rate was 0.27 g/s. The air mass flow rates in all experiments were higher than 0.5 g/s.
The outlet and middle temperatures represent the air temperature at 1.50 m and the tube wall temperature at 0.22 m, respectively. In the experiments, if the tube was transparent, the thermocouples in the opening could be directly exposed to the incident flux, therefore, the wall temperature of the quartz tube increased quickly. The measured tube wall temperature of the quartz tube was not the actual temperature. However, the measured wall temperature of the metal tube was the actual temperature. As shown in Table 2 , all cases had lower thermal efficiencies compared with the experimental data from Wang [10] . The bed height increased with the increase of the packed particle mass when the inlet air mass flow rate was constant. A longer tube was used to ensure that particles were not blown out of the tube. The long tube had the higher thermal loss due to the increase of the tube surface area. In addition, the smaller the packed particle mass was, the larger the void porosity was. Therefore, part of the incident solar flux passed through gas-particle suspensions, and it was lost. In Case 11, 12, about 14% of the total particle mass was blown out when the length of the tube was 2.0 m. The comparisons between Case 1 and Case 2 and between Case 3 and Case 4 in Figure 5 show that an increase in the air mass flow rate led to a lower outlet air temperature. The outlet air temperature of Case 2 was 5 • C lower than that of Case 1 and that of Case 4 was 3 • C lower than that of Case 3. Increasing air mass flow rate increased the bed height and renewal frequency of particles near the wall, thus the heat transfer between gas-particles suspensions and the walls was enhanced [28] . Therefore, the wall temperatures of Case 2 and Case 4 in the opening were lower than those of Case 1 and Case 3, respectively. The larger the air mass flow rate, the shorter the resident time inside the tube. As the mass flow rate increased, the heat loss of unit mass fluid decreased and the thermal efficiency increased. The comparisons between Case 1 and Case 3 and between Case 2 and Case 4 show that the increasing packed mass led to a higher outlet air temperature. The outlet air temperature of Case 3 was 7 • C higher than that of Case 1 and that of Case 4 was 9 • C higher than that of Case 2. The larger the mass of the packed particles, the higher the volume fraction of particles in the opening. Increasing volume fraction of particles enhanced the heat transfer between the suspensions and the tube wall and the wall temperature field in the opening tended to be lower. Increasing the mass of packed particles improved thermal efficiencies (Case 1, 31.7% and Case 3, 33.1%; Case 2, 36.3% and Case 4, 37.4%).
As shown in Table 2 , all cases had lower thermal efficiencies compared with the experimental data from Wang [10] . The bed height increased with the increase of the packed particle mass when the inlet air mass flow rate was constant. A longer tube was used to ensure that particles were not blown out of the tube. The long tube had the higher thermal loss due to the increase of the tube surface area. In addition, the smaller the packed particle mass was, the larger the void porosity was. Therefore, part of the incident solar flux passed through gas-particle suspensions, and it was lost. In Case 11, 12, about 14% of the total particle mass was blown out when the length of the tube was 2.0 m. The comparisons between Case 1 and Case 2 and between Case 3 and Case 4 in Figure 5 show that an increase in the air mass flow rate led to a lower outlet air temperature. The outlet air temperature of Case 2 was 5 ˚C lower than that of Case 1 and that of Case 4 was 3 ˚C lower than that of Case 3. Increasing air mass flow rate increased the bed height and renewal frequency of particles near the wall, thus the heat transfer between gas-particles suspensions and the walls was enhanced [28] . Therefore, the wall temperatures of Case 2 and Case 4 in the opening were lower than those of Case 1 and Case 3, respectively. The larger the air mass flow rate, the shorter the resident time inside the tube. As the mass flow rate increased, the heat loss of unit mass fluid decreased and the thermal efficiency increased. The comparisons between Case 1 and Case 3 and between Case 2 and Case 4 show that the increasing packed mass led to a higher outlet air temperature. The outlet air temperature of Case 3 was 7 ˚C higher than that of Case 1 and that of Case 4 was 9 ˚C higher than that of Case 2. The larger the mass of the packed particles, the higher the volume fraction of particles in the opening. Increasing volume fraction of particles enhanced the heat transfer between the suspensions and the tube wall and the wall temperature field in the opening tended to be lower. Increasing the mass of packed particles improved thermal efficiencies (Case 1, 31.7% and Case 3, 33.1%; Case 2, 36.3% and Case 4, 37.4%). Experimental results of the fluidized heat absorption inside the quartz tube are shown in Figure  6 and Table 2 . The comparisons between Case 5 and Case 6, between Case 7 and Case 8, between Case 9 and Case 10, and between Case 11 and Case 12 show that increasing the air mass flow rate improved the thermal efficiencies. The outlet air temperature increased with the air mass flow rate increasing in the lower incident solar flux (Case 5, 269 ˚C and Case 6, 273 ˚C; Case 9, 509 ˚C and Case 10, 564 ˚C). The air velocity and viscosity increased with the temperature increasing and increasing air temperature increased the bed height under the same air inlet mass flow rate [29] . Although the temperatures measured by the middle thermocouple were not the actual wall temperatures, the measured temperatures represent the changes of the transmittance. In the same incident flux, the higher the transmittance, the higher the measured temperature in the opening. The comparisons between Case 5 and Case 6 and between Case 7 and Case 8 show that the transmittance in the opening changed slightly when the air inlet mass flow rate increased from 0.67 g/s to 0.79 g/s. However, the comparison between Case 6 and Case 8 found that the heavier packed particle mass led to the lower transmittance in the opening and the lower temperatures were measured by the middle thermocouple. Under the high incident solar flux, because the rising air mass flow rate increased the particle concentration in the opening, the temperature measured by the middle thermocouple decreased from 987.3 ˚C in Case 11 to 905.9 ˚C in Case 12 when the air mass flow rate increased from 0.53 g/s to 0.59 g/s. Furthermore, the smaller particles (about 14% of the total mass) were blown out of the tube in Case 11 and 12. Eventually, the outlet air temperature increased by 83 ˚C (Case 11, 530 ˚C and Case 12, 613 ˚C). The rising air mass flow rate under the packed particle mass of 240 g and the current of 100 A brought a more obvious outlet air temperature rise than that under the packed particle mass of 160 g (160 g, 55 ˚C; 240 g, 83 ˚C). In addition, the outlet air temperature increased from 564 ˚C (Case 10) to 613 ˚C (Case 11) under 0.59 g/s when the packed mass increased from 160 g to 240 g. Experimental results of the fluidized heat absorption inside the quartz tube are shown in Figure 6 and Table 2 . The comparisons between Case 5 and Case 6, between Case 7 and Case 8, between Case 9 and Case 10, and between Case 11 and Case 12 show that increasing the air mass flow rate improved the thermal efficiencies. The outlet air temperature increased with the air mass flow rate increasing in the lower incident solar flux (Case 5, 269 • C and Case 6, 273 • C; Case 9, 509 • C and Case 10, 564 • C). The air velocity and viscosity increased with the temperature increasing and increasing air temperature increased the bed height under the same air inlet mass flow rate [29] . Although the temperatures measured by the middle thermocouple were not the actual wall temperatures, the measured temperatures represent the changes of the transmittance. In the same incident flux, the higher the transmittance, the higher the measured temperature in the opening. The comparisons between Case 5 and Case 6 and between Case 7 and Case 8 show that the transmittance in the opening changed slightly when the air inlet mass flow rate increased from 0.67 g/s to 0.79 g/s. However, the comparison between Case 6 and Case 8 found that the heavier packed particle mass led to the lower transmittance in the opening and the lower temperatures were measured by the middle thermocouple. Under the high incident solar flux, because the rising air mass flow rate increased the particle concentration in the opening, the temperature measured by the middle thermocouple decreased from 987.3 • C in Case 11 to 905.9 • C in Case 12 when the air mass flow rate increased from 0.53 g/s to 0.59 g/s. Furthermore, the smaller particles (about 14% of the total mass) were blown out of the tube in Case 11 and 12. Eventually, the outlet air temperature increased by 83 • C (Case 11, 530 • C and Case 12, 613 • C). The rising air mass flow rate under the packed particle mass of 240 g and the current of 100 A brought a more obvious outlet air temperature rise than that under the packed particle mass of 160 g (160 g, 55 • C; 240 g, 83 • C). In addition, the outlet air temperature increased from 564 • C (Case 10) to 613 • C Experimental results of the fluidized heat absorption inside the quartz tube are shown in Figure  6 and Table 2 . The comparisons between Case 5 and Case 6, between Case 7 and Case 8, between Case 9 and Case 10, and between Case 11 and Case 12 show that increasing the air mass flow rate improved the thermal efficiencies. The outlet air temperature increased with the air mass flow rate increasing in the lower incident solar flux (Case 5, 269 ˚C and Case 6, 273 ˚C; Case 9, 509 ˚C and Case 10, 564 ˚C). The air velocity and viscosity increased with the temperature increasing and increasing air temperature increased the bed height under the same air inlet mass flow rate [29] . Although the temperatures measured by the middle thermocouple were not the actual wall temperatures, the measured temperatures represent the changes of the transmittance. In the same incident flux, the higher the transmittance, the higher the measured temperature in the opening. The comparisons between Case 5 and Case 6 and between Case 7 and Case 8 show that the transmittance in the opening changed slightly when the air inlet mass flow rate increased from 0.67 g/s to 0.79 g/s. However, the comparison between Case 6 and Case 8 found that the heavier packed particle mass led to the lower transmittance in the opening and the lower temperatures were measured by the middle thermocouple. Under the high incident solar flux, because the rising air mass flow rate increased the particle concentration in the opening, the temperature measured by the middle thermocouple decreased from 987.3 ˚C in Case 11 to 905.9 ˚C in Case 12 when the air mass flow rate increased from 0.53 g/s to 0.59 g/s. Furthermore, the smaller particles (about 14% of the total mass) were blown out of the tube in Case 11 and 12. Eventually, the outlet air temperature increased by 83 ˚C (Case 11, 530 ˚C and Case 12, 613 ˚C). The rising air mass flow rate under the packed particle mass of 240 g and the current of 100 A brought a more obvious outlet air temperature rise than that under the packed particle mass of 160 g (160 g, 55 ˚C; 240 g, 83 ˚C). In addition, the outlet air temperature increased from 564 ˚C (Case 10) to 613 ˚C (Case 11) under 0.59 g/s when the packed mass increased from 160 g to 240 g. The comparisons between Case 1-4 and Case 5-8 in Table 2 indicate that the fluidized heat absorption inside the quartz tube was better than that inside the metal tube. The outlet air temperature in Case 8 was 37 ˚C higher than that in Case 4. Although part of the incident solar flux passed through the quartz tube and gas-particles suspensions to the insulation, the gas-particle suspensions were directly exposed to the solar flux and had a faster temperature rise. For the metal tube, the heat was transferred to the back wall of the tube by radiation, convection, and conduction, so the heat resistance was higher. In addition, the incident flux was concentrated onto the metal tube wall, which led to the higher heat loss. Hence, the temperature fields inside the quartz tube in the opening were higher than inside the metal tube. The outlet air temperature increased with the increase of the air mass flow rate inside the quartz glass tube (Case 7, 297 ˚C and Case 8, 304 ˚C), however, that decreased with the increase of the air mass flow rate inside the metal tube (Case 3, 270 ˚C and Case 4, 267 ˚C). It should be noted that the quartz tube is easily damaged. The comparisons between Case 1-4 and Case 5-8 in Table 2 indicate that the fluidized heat absorption inside the quartz tube was better than that inside the metal tube. The outlet air temperature in Case 8 was 37 • C higher than that in Case 4. Although part of the incident solar flux passed through the quartz tube and gas-particles suspensions to the insulation, the gas-particle suspensions were directly exposed to the solar flux and had a faster temperature rise. For the metal tube, the heat was transferred to the back wall of the tube by radiation, convection, and conduction, so the heat resistance was higher. In addition, the incident flux was concentrated onto the metal tube wall, which led to the higher heat loss. Hence, the temperature fields inside the quartz tube in the opening were higher than inside the metal tube. The outlet air temperature increased with the increase of the air mass flow rate inside the quartz glass tube (Case 7, 297 • C and Case 8, 304 • C), however, that decreased with the increase of the air mass flow rate inside the metal tube (Case 3, 270 • C and Case 4, 267 • C). It should be noted that the quartz tube is easily damaged. 
Model Description
Physical Model and Assumptions
A simplified geometric computation domain is shown in Figure 4 . To reduce the computational consumption, the computation domain with the tube length 1.5 m and the tube internal diameter 35 mm was simulated. A large number of particles were packed in the tube before the experiment. The inlet air velocity is considered to be uniform and the solar flux is assumed to be the collimated irradiation. Three-dimensional simulations were performed for quantitative analysis in the Cartesian coordinate. MFIX uses quadrilateral cells in the computation area, but the tube cannot be treated as a regular cuboid. To simulate the fluidized heat absorption, a cut-cell method was used to represent the tube wall. The simulation was based on the following assumptions: (1) The quartz glass tube is completely transparent to thermal radiation. (2) The air is a completely transparent and incompressible medium in which the diffusion and absorption are neglected. (3) The radiative properties of particles are assumed to be isotropic and the particles are assumed to be grey bodies. As shown in Figure 7 , the mesh sizes of 7.0 mm (20d p ) and 2.5 mm (~5d p ) were used in Sections 4 and 5, respectively. There were 28552 and 25800 meshes in Sections 4 and 5, respectively. 
A simplified geometric computation domain is shown in Figure 4 . To reduce the computational consumption, the computation domain with the tube length 1.5 m and the tube internal diameter 35 mm was simulated. A large number of particles were packed in the tube before the experiment. The inlet air velocity is considered to be uniform and the solar flux is assumed to be the collimated irradiation. Three-dimensional simulations were performed for quantitative analysis in the Cartesian coordinate. MFIX uses quadrilateral cells in the computation area, but the tube cannot be treated as a regular cuboid. To simulate the fluidized heat absorption, a cut-cell method was used to represent the tube wall. The simulation was based on the following assumptions: (1) The quartz glass tube is completely transparent to thermal radiation. (2) The air is a completely transparent and incompressible medium in which the diffusion and absorption are neglected. (3) The radiative properties of particles are assumed to be isotropic and the particles are assumed to be grey bodies. As shown in Figure 7 , the mesh sizes of 7.0 mm (20dp) and 2.5 mm (~5dp) were used in Section 4 and Section 5, respectively. There were 28552 and 25800 meshes in Section 4 and Section 5, respectively. 
Governing Equations
These simulations were performed using the Multiphase Flow with Interphase eXchanges (MFIX) code, which is an open source code developed by National Energy Technology Laboratory (NETL). The MFIX was applied in the simulation of particle receivers [6] . However, the radiative heat transfer was considered using a simple radiative heat transfer coefficient in MFIX. The study adds a differential approximation radiation model (P-1 Model) to MFIX. The governing equations, including continuity, momentum conservation equations, energy equations of gas phase and solid phase, and constitutive equations, are summarized in Table 3 [30] . The interphase momentum exchange coefficient proposed by Syamlal et al. [31] was applied. 
Gas-phase equations
Continuity equation
Energy equation 
Governing Equations
These simulations were performed using the Multiphase Flow with Interphase eXchanges (MFIX) code, which is an open source code developed by National Energy Technology Laboratory (NETL). The MFIX was applied in the simulation of particle receivers [6] . However, the radiative heat transfer was considered using a simple radiative heat transfer coefficient in MFIX. The study adds a differential approximation radiation model (P-1 Model) to MFIX. The governing equations, including continuity, momentum conservation equations, energy equations of gas phase and solid phase, and constitutive equations, are summarized in Table 3 [30] . The interphase momentum exchange coefficient proposed by Syamlal et al. [31] was applied. Table 3 . Summary of governing equations.
Gas-phase Equations
Continuity equation
Energy equation
Solid-phase Equations
Continuity equation
Constitutive Equations
Gas stress tensor τ g = 2µ ge S g (12)
Solid phase stress tensor
(1−ξg)ρs
Granular temperature 3 2 (24) Energies 2019, 12, 806 12 of 21 Table 3 . Cont.
Gas-phase Equations
Interphase drag model
Radiative Transfer
A differential approximation (P-1 model) [32] was applied to solve radiative heat transfer. When the fluidized heat absorption occurred inside a quartz glass tube, the collimated irradiation passed through the transparent quartz glass tube and into the gas-particle suspensions. Most of the collimated irradiation was absorbed by gas-particle suspensions and the fraction of the irradiation transmitted the gas-particle suspensions into the white insulating material. The incident flux going into the insulation was diffusely reflected and partially absorbed. The irradiation that was not absorbed transmitted the quartz glass tube into the ambient environment and was lost. The radiative heat transfer equation of heat absorption inside the quartz glass tube is provided in Equation (33) . The radiation was solved as the source term S rad of the solid energy equation.
where ζ is the gas-particle suspensions transmittance, determined by Equation (34) .
Heat Transfer Correlations
The interphase heat transfer coefficient was provided by Gunn et al. [33] . The correlation was applied in the range of 0.35-1.0 of porosity and 0-10 5 of Reynolds number. 
The overall heat loss coefficient from the internal surface to the ambient environment is given in Equations (38) and (40) . Equation (38) was applied in the tube that was directly exposed to the surroundings and Equation (40) was applied in the tube that was insulated. Equation (39) [34] and Equation (41) [35] were applied to calculate the convective heat transfer coefficients of the internal wall inside the cavity and the outer wall of the insulation, respectively.
The effective thermal conductivity for the solid phase and gas phase was provided by Zehner and Schlunder [36] . This correlation was derived for packed beds, however, it is often used for more dilute systems. The estimated fractional contact area 7.26 ×10 −3 was recommended to simulate heat transfer in the fluidized bed.
where k g,e f f is the effective thermal conductivity of the gas phase.
where k s,e f f is the effective thermal conductivity of the solid phase. The extinction coefficient of gas-particle suspensions was verified by Marti et al. [37] for opaque particles:
where the extinction factor, Q ext , is 2.0 for large opaque particles.
Initial Conditions and Boundary Conditions
The initial temperatures of the receiver, gas phase, and solid phase are constant and equal to ambient temperature.
The boundary conditions for the fluidized heat absorption inside the quartz glass tube are different from that inside the opaque metal tube, especially in the zone that is not covered with insulation. The absorption modes of the incident solar flux are different. The incident rays can penetrate the quartz glass tube and be absorbed inside the receiver. However, the incident rays cannot penetrate the opaque metal tube and be absorbed on the surface of tube. The heat transfer modes between walls and gas-particle suspensions contain gas conduction, solid conduction, and radiation. The heat losses in the tube were allocated to gas phase and solid phase according to thermal conductivities [38] . The boundary conditions on the walls are shown as Equations (54)-(62). The internal surface temperature of the tube was assumed to be the average volume temperature of air and particle temperatures in near-wall grids, ξ g T g + 1 − ξ g T s .
At the inlet:
Solid phase :
At the outlet:
At the inlet and outlet : 1 3β
On the insulated wall:
1 3β
On the front walls exposed to the environment for the quartz glass tube:
Because the quartz tube has no reflection (ξ w = 1), the radiative flux is given in Equation (59).
On the back walls exposed to the environment for the quartz glass tube:
Model Validation on the Cold State
Because the particles with a density of 3210 kg/m 3 and a size of 500 µm in the paper were used and classified as the Geldart Group B particles [39] , the Geldart Group B particles (glass ballotini), with a density of 2500 kg/m 3 and a size of 350 µm, were used to validate the model. The experiments were conducted by Makkawi et al. [40] . The cold fluidization was conducted in a cylindrical riser with an internal diameter of 13.8 cm and a height of 100 cm. The glass ballotini were packed with a height of 20 cm and a void porosity of 0.4 in the riser. The cases using 0.8 and 0.54 m/s, corresponding to the slugging and the bubbling flow regimes, were simulated by MFIX. Because of the high sphericity and smooth appearance of the glass ballotini, the no-slip and free-slip boundary conditions were used for the gas phase and solid phase, respectively.
The average cross-sectional void porosities along the axial height for 0.54 m/s and 0.8 m/s are given in Figure 8 . The average cross-sectional void porosities at the axial height 0.143-0.181 m were measured by Electrical Capacitance Tomography. The numerical average cross-sectional void porosity for 0.54 m/s is 0.02 higher than the experimental result and the relative error is 4.03%. However, that for 0.8 m/s is 0.01 lower than the experimental result and the relative error is 1.91%. Figure 9 shows that the simulated time-average void porosities along the radial direction at the axial height 0.143-0.181 m for 0.54 m/s and 0.8 m/s agree with the experimental results. Therefore, the numerical model can be used to simulate the fluidization inside the tube. 
Model Validation on the Thermal State
Because the lighter packed particle mass led to the higher void porosity in the opening when the inlet air mass flow rates were the same, it led to the slower rate of the outlet air temperature rise. Thus, the cases with the packed mass of 240 g are simulated. Although the average particle size was 
Because the lighter packed particle mass led to the higher void porosity in the opening when the inlet air mass flow rates were the same, it led to the slower rate of the outlet air temperature rise. Thus, the cases with the packed mass of 240 g are simulated. Although the average particle size was 500 µm, the larger and smaller particles are included. The particles larger than 500 µm and smaller than 500 µm accounted for 42.5% and 39.7% of the total particle mass, respectively. Under the higher incident flux (Case 9-12), the higher bed expansion occurred and the smaller particles (about 14% of the total mass) were blown out so that the average particle size was as high as 540 µm. Under the lower incident flux, the smaller particles were not blown out. The free-slip boundary condition for the solid phase led to a higher solid fraction, with a higher downward particle velocity close to the wall [41] . Gas and particle mixing was enhanced so that the temperature fields deviated from the reality. In addition, the inhomogeneous particle sizes led to the particle segregation under the fluidization, so that the particle mixing tends to get worse. Although the partial-slip wall boundary condition for the solid phase proposed by Johnson and Jackson [42] was widely used, the larger specularity coefficient of 0.5 was widely used, which is similar to the no-slip boundary condition [43] . Therefore, the no-slip boundary condition was used for the gas phase and the solid phase in this section. The application of multi-dispersed particle size distribution in the simulation significantly increases the computational consumption, so the uniform particle size distribution was used. However, the uniform particle size led to better particle mixing. Figure 10 shows the comparison of the time-average outlet air temperatures obtained by experiment and simulation. Under a current of 50 A and an air mass flow rate of 0.69 g/s, the error is 10 • C with a relative error of 1.75%. However, under a current of 100 A and a mass flow rate of 0.53 g/s, the error is 62 • C with a relative error of 7.7%. The interphase drag models were developed at standard temperature and pressure and have not yet been verified at high temperatures. The Syamlal-O'Brien drag model may be overestimating the bed height so that the thermal energy obtained by particles is increased. Thus, the larger errors occur at high temperatures. Because the errors between experiments and simulations are less than 10%, this numerical model can be used to simulate the fluidized heat absorption inside the quartz glass tube. wall [41] . Gas and particle mixing was enhanced so that the temperature fields deviated from the reality. In addition, the inhomogeneous particle sizes led to the particle segregation under the fluidization, so that the particle mixing tends to get worse. Although the partial-slip wall boundary condition for the solid phase proposed by Johnson and Jackson [42] was widely used, the larger specularity coefficient of 0.5 was widely used, which is similar to the no-slip boundary condition [43] . Therefore, the no-slip boundary condition was used for the gas phase and the solid phase in this section. The application of multi-dispersed particle size distribution in the simulation significantly increases the computational consumption, so the uniform particle size distribution was used. However, the uniform particle size led to better particle mixing. Figure 10 shows the comparison of the time-average outlet air temperatures obtained by experiment and simulation. Under a current of 50 A and an air mass flow rate of 0.69 g/s, the error is 10 ˚C with a relative error of 1.75%. However, under a current of 100 A and a mass flow rate of 0.53 g/s, the error is 62 ˚C with a relative error of 7.7%. The interphase drag models were developed at standard temperature and pressure and have not yet been verified at high temperatures. The Syamlal-O'Brien drag model may be overestimating the bed height so that the thermal energy obtained by particles is increased. Thus, the larger errors occur at high temperatures. Because the errors between experiments and simulations are less than 10%, this numerical model can be used to simulate the fluidized heat absorption inside the quartz glass tube. The time-average quasi-steady air temperature distributions in the opening (0.11-0.35 m) are shown in Figure 11 . Partial incident flux was not absorbed by particles and incident to the left side, thus the higher air temperature appears on the left side. Under the same incident flux, the higher the air mass flow rate, the higher the air temperature in the opening. Increasing the air mass flow rate increased the solid mass exposed to the incident flux. The interphase convective heat transfer between particles and air could not take away the thermal energy absorbed by the particles in time, so the air temperature with a higher air mass flow rate was higher in the opening. The higher air mass flow rate led to a higher air temperature at the axial height 0.35 m, due to the same convective heat The time-average quasi-steady air temperature distributions in the opening (0.11-0.35 m) are shown in Figure 11 . Partial incident flux was not absorbed by particles and incident to the left side, thus the higher air temperature appears on the left side. Under the same incident flux, the higher the air mass flow rate, the higher the air temperature in the opening. Increasing the air mass flow rate increased the solid mass exposed to the incident flux. The interphase convective heat transfer between particles and air could not take away the thermal energy absorbed by the particles in time, so the air temperature with a higher air mass flow rate was higher in the opening. The higher air mass flow rate led to a higher air temperature at the axial height 0.35 m, due to the same convective heat loss coefficient and the volume averaging thermal inertia depending on the volume ratio of the solid phase to air. The uniform particle size and the assumption that the particles are spherical led to a more uniform air temperature distribution that could effectively avoid overheating on the right wall and reduce heat loss. If the heat loss of the outer pipeline is neglected, the thermal efficiency will increase (e.g., 44.1% with a current of 100 A and an air mass flow rate of 0.59 g/s from the simulation). Because the current bed height cannot completely cover the opening exposed to the incident flux, increasing the particle mass would increase the thermal efficiency. Wang et al. presented a thermal efficiency close to 68.4% when the outlet air temperature reached up to 700 • C [10] . 
Conclusions
The experiments were conducted to investigate the fluidized heat transport inside the quartz glass and metal tubes. The solar simulator with 19 xenon short-arc lamps that can work stably between 50-150 A was used. A model was developed to simulate the fluidized heat transport inside the quartz glass tube. The model used a modified P-1 model for the radiative heat transfer and the local thermal non-equilibrium model to investigate the temperature distributions with the pressure drop, modeled using the Syamlal-O'Brien drag model. The two-fluid model was used to simulate the gas-solid two-phase flow. The predictions are in agreement with the experimental data. The numerical average cross-sectional void porosity for 0.54 m/s was 0.02 higher than the experimental result with a relative error of 4.03% in the cold state. The maximum error of the outlet air temperature is 7.7% when the current was 100 A and the air mass flow rate was 0.53 g/s. This model can be used to investigate the fluidized heat transport inside the quartz glass tube. The experimental results are shown: 1. Case 1-4 shows that an increase in the air mass flow rate leads to a lower outlet air temperature and a higher thermal efficiency (e.g., Case 1, 263 ˚C, 31.7% and Case 2, 258 ˚C, 36.3%) and increasing packed particle mass enhances the heat transfer (e.g., Case 1, 31.7% and Case 3, 33.1%). 2. Case 5-12 shows that increasing air mass flow rate improves the thermal efficiencies (e.g., Case 11, 21.9% and Case 12, 24.2%) and the heat transfer is enhanced by increasing the packed particle mass (e.g., Case 10, 22.9% and Case 12, 24.2%). 3. The comparisons between Case 1-4 and Case 5-8 indicate that the fluidized heat absorption 
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1.
Case 1-4 shows that an increase in the air mass flow rate leads to a lower outlet air temperature and a higher thermal efficiency (e.g., Case 1, 263 • C, 31.7% and Case 2, 258 • C, 36.3%) and increasing packed particle mass enhances the heat transfer (e.g., Case 1, 31.7% and Case 3, 33.1%).
